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1 Abstract 
 
On UT 29 June 2015, the occultation by Pluto of a bright star (r'=11.9) was observed 
from the Stratospheric Observatory for Infrared Astronomy (SOFIA) and several ground-
based stations in New Zealand and Australia. Pre-event astrometry allowed for an in-
flight update to the SOFIA team with the result that SOFIA was deep within the central 
flash zone (~22 km from center). Analysis of the combined data leads to the result that 
Pluto's middle atmosphere is essentially unchanged from 2011 and 2013 (Person et al. 
2013; Bosh et al. 2015); there has been no significant expansion or contraction of the 
atmosphere. Additionally, our multi-wavelength observations allow us to conclude that a 
haze component in the atmosphere is required to reproduce the light curves obtained. 
This haze scenario has implications for understanding the photochemistry of Pluto's 
atmosphere. 
2 Introduction 
 
Pluto possesses a tenuous atmosphere composed of N2, CO, CH4, and other trace gases.  
Close to the icy surface, this atmosphere is in vapor-pressure equilibrium with the ices 
that exist on the surface.  Rising above the surface, the presence of methane in the 
atmosphere acts as a thermostat to regulate the temperature at approximately 100 K 
(Yelle and Lunine 1989; Strobel et al. 1996; Zalucha et al. 2011).  This atmosphere is 
loosely bound to Pluto, with its upper reaches being stripped away by the solar wind 
(Bagenal et al. 2015; McNutt et al. 2015). With continuous resupply by the surface ices, 
this can lead to a 0.5 - 3 km loss of ice thickness over 4.5 Gyr. 
 
Stellar occultations provide a method for measuring the temperature and pressure of a 
planetary atmosphere from the Earth.  The occultation star P20150629 (UCAC2 139-
209445), at r' = 11.941, is one of the two brightest occultation stars for Pluto ever 
observed (Table 1).  An occultation by the brightest star to date was observed in 2010 
from only a few stations and while low in the sky (Young et al. 2010). 
 
The resolution limit of stellar occultations, ~2 km at Pluto at visible wavelengths, allows 
for multiple sample points per 60-km scale height in the atmosphere.  During a stellar 
occultation, flux from the star decreases due to refraction by the planetary atmosphere.  
The rate of decrease is a function of the temperature and mean molecular weight.  By 
assuming a mainly N2 atmosphere (Lellouch et al. 2009), we thus determine the 
temperature as a function of height . 
 
Pluto's atmospheric structure is a topic of special concern as a decrease in solar insolation 
is predicted to lead to a decrease in atmospheric pressure (Young 2013) or a complete 
collapse (Hansen et al. 2015).  While some earlier models predicted that collapse would 
already be underway (Hansen and Paige 1996), observations have shown this not to be 
the case (Bosh et al. 2015a; Dias-Oliveira et al. 2015; Person et al. 2013; Olkin et al. 
2015).  A delay in this collapse or decrease may be due to such factors as thermal 
emissivity of the surface components; thus, the timing of the onset of atmospheric change 
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is a marker of surface-atmosphere interactions. 
 
Table 1.  Event parameters 
 P20150629 
Geocentric midtime (UT) 
2015 June 2916:55:35 ± 
00:00:18 
Earth ephemeris DE405 
Pluto ephemeris PLU017 
Catalog position equinox 
and epoch 
(J2000; epoch of event) 
Catalog & ID UCAC2  139-209445 
 R.A.1
 
19 00 49.4887 ± 0.1370 
 Dec.1
 –20 41 40.896 ± 0.1280 
 
μα cos δ (mas/yr)
2 –2.5 ± 1.9 
 
μδ (mas/yr)
2 
+5.2 ± 1.8 
Measured position equinox 
and epoch 
(J2000; epoch 2015.5) 
 R.A.
§ 
19 00 49.4736 ± 0.0133 
 Dec.
§ –20 41 40.825 ± 0.013 
Geocentric close approach 
(arcsec) 
0.169 ± 0.024 
Geocentric sky-plane 
velocity (km/sec) 
23.84 
Magnitudes
3
  
Filter/Central Wavelength 
            B           450nm 
 
12.793 ± 0.046 
 V   550nm 
 g’   475nm 
 r’   625nm 
12.100 ± 0.022 
12.449 ± 0.006 
11.941 ± 0.025 
 i’   750nm 11.741 ± 0.034 
 J 1250nm 10.904 ± 0.02 
 H 1650nm 10.641 ± 0.02 
 K 2200nm 10.554 ± 0.02 
1
Positions in hms for RA, dms for Dec.  Position errors (1 sigma) are in arcseconds. 
2
Angular velocities (proper motions) in milliarcseconds per year from UCAC2 catalog. 
3
BVgri magnitudes are from APASS DR8 (Henden and Munari 2014; Henden et al. 2015).  JHK 
magnitudes are from 2MASS (Skrutskie et al. 2006). 
 
Beyond being one of the brightest events for Pluto, the timing of this event was also 
important—15 days before the New Horizons spacecraft's close approach to Pluto.  
Shortly after the close approach, the spacecraft was in a position to observe a pair of 
occultations by Pluto: (1) an occultation of the Sun observed in the UV with ALICE, 
sensitive to Pluto's upper atmosphere at pressures nanobars to microbars and (2) an 
Journal Pre-proof
Jo
urn
al 
Pr
e-p
roo
f
Person et al. 2019  Haze in Pluto's Atmosphere 
Draft v11.0.1 5 
occultation of a radio signal from Earth, observed with REX, sensitive to Pluto's lower 
atmosphere at pressures of ~10 microbar.  These are above and below the sensitive region 
for stellar occultations observed from Earth.  The P20150629 event occurred within just 
2.5 Pluto days of the New Horizons encounter (Bosh et al. 2015b; Sickafoose et al. 2015; 
Person et al. 2015; Pasachoff et al. 2015), thus it is unlikely that there are any temporal 
differences.  This event, when combined with New Horizons data, produces a complete 
picture of Pluto's atmosphere at one point in time, which highlights the desirability of 
continuing to monitor Pluto’s atmosphere for the next decade at least. 
3 Prediction 
 
Our early predictions, beginning in 2013, placed this event over Australia/New Zealand 
and its surrounding oceans.  We obtained positions for Pluto and the occultation star from 
2013 through the night before the event (7 hours before, with observations from the 
opposite hemisphere), at the four telescopes listed in Table 2.  The star positions were 
averaged via a weighted mean.  The Pluto positions were measured, with a center-of-light 
fitted via a Gaussian point-spread function; Charon's position was explicitly included as a 
second Gaussian fixed at its ephemeris position.  All astrometric field solutions were 
linear; data from all telescopes were tested prior to this event to assure that this was a 
valid assumption and that no higher-order terms were needed. 
 
For an occultation such as this, where the observing sites include a mobile station like 
SOFIA, the expectations on the prediction effort were high.  By accurately accounting for 
all factors in the astrometry, we had the possibility of directing SOFIA to be within 
Pluto's small central flash zone:  previous observations suggest a zone no wider than ±75 
km around the geometric center (Olkin et al. 2014). 
 
Pluto's angular diameter is roughly 100 milli-arcseconds.  The central-flash region 
subtends about 5 milli-arcseconds.  For stars in our primary astrometric reference catalog 
(UCAC2), with magnitudes between 10 and 14 in the UCAC2 catalog (Zacharias et al. 
2004), typical random astrometric uncertainties at the mean epoch of the observations 
used to determine the stars' positions are on average 20 mas.  These increase to roughly 
70 mas by magnitude 16.  These uncertainties are lower limits that do not include such 
things as systematic uncertainties in the star catalogs, and uncertainties in Pluto's position 
and the difference between its center of light (COL) and center of mass.  To predict the 
location of a 5 mas diameter region required accuracies roughly an order of magnitude 
better than the then best available astrometric catalog uncertainties.  This process is 
greatly aided today by the release of the GAIA astrometric catalogs (Brown et al. 2018; 
Perryman 2002).   
 
The astrometry effort took place over the two years prior to the event.  Positions for Pluto 
and the occultation star were updated.  We model the observed offset of Pluto from its 
ephemeris using our Ephemeris Correction Model (ECM); the ECM, a first-order 
periodic fit to the offsets of the JPL ephemerides based upon our history of astrometric 
measurements, is useful for early prediction estimates.  By the time Pluto and the star are 
within the same imager field, we abandon the ECM and perform relative astrometry 
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directly between them.  As displayed in Fig. 1, we consider many other effects beyond 
the positions of Pluto (orange) and the star (red).  These additional effects are all of the 
same scale or larger than the central flash zone; thus failure to account for them may 
mean missing the central flash.  Undetected stellar duplicity (light blue in Fig. 1) is one of 
the largest additional effects, with the potential to shift the shadow path by 500 mas or 
more.  A close double star would be unresolved in our usual astrometric data, with point 
spread functions (PSFs) of 0.8 – 1.5 arcsec.  An unresolved, equal-magnitude double 
would produce two shadow paths on the Earth, each 500 mas from the shadow path of the 
center of light of the two stars.  An offset of this magnitude would result in SOFIA 
missing both shadows and not seeing any occultation.  We acquired resolved AO images 
of the occultation star at Keck with NIRC-2 and Magellan with Mag-AO and Clio (Close 
et al. 2010) to search for duplicity, both in the K band; we found the star to be single, 
with a remaining uncertainty of 40 mas for an undetected equal-magnitude companion.  
This accuracy was sufficient to place SOFIA confidently within the shadow path, but left 
open the possibility of missing the central flash if the star was still unresolved with a 
separation between 10 and 40 mas. 
 
 
Fig. 1. Occultation prediction uncertainties in the two years before the event. The stacked bar shows the 
relative contribution of each type of uncertainty; the connected black points give the sum in quadrature of 
the ensemble of uncertainties. Also highlighted are the different stages in the prediction as it relates to 
preparing for an occultation observed with SOFIA. Some uncertainties we can reduce very early in the 
process—like improving on the star's position and checking for duplicity—while other uncertainties due to 
zonal issues remain until the same astrometric network can be used to measure Pluto's and the occultation 
star's positions. 
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Over the year preceding the occultation, Pluto's path among the field stars varied with 
respect to its ephemeris in an approximately linear fashion.  This offset was calculated 
and extrapolated to the event time.  As Pluto neared the star, the error in the extrapolation 
decreased until approximately one week prior to the event, when Pluto and the star were 
within the same field; at this time, we switched to relative astrometry.  In past events, it 
was not uncommon for Pluto's calculated position to jump suddenly, by 50-200 mas, 
presumably due to zonal errors in the UCAC2 catalog or due to compounded proper 
motion uncertainties, depending on the distribution of high proper-motion stars in the 
fields (dark blue in Fig. 1).  With this event however, there was no such jump and the 
prediction wavered around New Zealand from our earliest predictions right up through 
the event. 
 
As we performed astrometry on Pluto, it was important to remember that we were 
measuring the center of light of the body (yellow bar in Fig. 1).  Although Pluto and 
Charon were blended in our images, we explicitly accounted for Charon in our PSF fits, 
therefore we measured the center of light of Pluto.  For a spherical body with uniform 
albedo, the center of light would be coincident with the center of mass.  For a body with 
stark albedo contrast (such as Iapetus), the center of light may be offset from the center of 
mass by as much as half of the body radius.  In order to apply this to Pluto, we needed to 
know its albedo distribution.  While albedo maps have been constructed from prior Earth-
based observations (Buie et al. 2010), there was a possibility that the albedo distribution 
had changed due to volatile sublimation or deposition.  To account for the current albedo 
distribution, we took advantage of the low-resolution images coming in from New 
Horizons.  The resolution of the images was sufficient that we could attempt to 
approximate the center of light offset.  To do this, we modelled the changing observed 
shift in Pluto’s position prediction caused by the changing center of light offset 
throughout Pluto’s rotation.  The result of this final astrometric shift was to send 
directions to SOFIA, while it was already airborne during the occultation flight, to fly 
330 km north of the previously predicted path.  This final shift corresponded to about 12 
mas, which was about twice our formal error for the final prediction.   
 
 
<Insert sideways Figure 1 here> 
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Table 2.  Telescopes used for astrometry in 2015 
 
Name DCT L42 NOFS SARA-CT 
Aperture (m) 4.3 1.1 1.55 0.6 
Location Happy Jack, 
AZ 
Anderson 
Mesa, AZ 
Flagstaff, AZ Cerro Tololo, 
Chile 
Latitude 34˚ 44' 39.8" 35˚ 05' 48.3" 35˚ 11' 02.4" –30˚ 10' 19.6" 
E. Longitude –111˚ 25' 19.9" –111˚ 32' 07.9" –111˚ 44' 25.9" –70˚ 47' 57.0" 
Altitude (m) 2360 2206 2273 2126 
# nights 6 17 27 21 
# frames 304 725 465 3243 
4 Data 
 
From our early prediction efforts, we knew that the occultation shadow would pass over 
New Zealand; as a result, our observational efforts were focused there.  In addition to 
SOFIA, the airborne observatory, we also required observations from several ground 
stations, to significantly improve the ability to determine the geometry of the event.  At 
the same time as extensive prediction efforts were underway to provide updates to 
SOFIA, ground-based observers were deployed to cover the expected ground track, with 
sufficient duplication to allow for locally cloudy weather and other issues that might 
arise.  We summarize the observing circumstances of each of the stations in our group.  
Other groups were also deployed around New Zealand and Australia (Sicardy et al. 2016) 
(Young, E. et al. in prep.). 
4.1 SOFIA 
 
We observed the occultation star on two nights, 28 and 29 June 2015 UT, from the 
NASA/DLR Stratospheric Observatory for Infrared Astronomy (SOFIA) aircraft (Becklin 
et al. 2007), during its 2015 Southern Deployment to Christchurch New Zealand.  We 
were able to observe the occultation by Pluto in both the optical and near infrared using 
three different instruments: the High Speed Imaging Photometer for Occultations (HIPO) 
(Dunham et al. 2004), the First Light Infrared Test Camera (FLITECAM) (McLean et al. 
2006; Logsdon et al. 2014) and the Focal Plane Imager (FPI+)(Wolf et al. 2014). 
 
The first night we did basic instrument calibrations, signal to noise measurements, and 
filter selection.  This also allowed the aircrew to practice maneuvering to place the 
aircraft at the correct location at a precise time, while on the Pluto observation heading.  
After analyzing the images from this first night, we decided to use open filters on all 
visible instruments (both HIPO channels and FPI+), and to use the 1.8-micron blocking 
filter on FLITECAM to minimize background glare while maximizing overall stellar 
signal to noise. Taking into account the optics along the light path, the detector quantum 
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efficiency (QE) and the stellar spectral energy distribution, the effective observation 
central wavelengths were 0.57 micron (HIPO Blue), 0.65 micron (FPI+), 0.81 micron 
(HIPO red), and 1.8 micron (FLITECAM). 
 
The second night of observations included a setup flight leg for focusing the telescope 
and setting initial camera parameters, a Pluto calibration flight leg for verifying signal-to-
noise ratio (SNR) estimates, and then a long maneuvering leg to get the aircraft into the 
correct place to approach the occultation central flash region on the Pluto heading. 
During this maneuvering leg, the final astrometric prediction update was sent to the 
aircraft from Lowell Observatory, in Flagstaff, AZ, USA, using both the dedicated 
SOFIA data link (SkyNet) and a satellite phone.  Because of this update, the flight plan 
was adjusted, moving the aircraft over 300 km north of the route planned at takeoff, and 
resulting in an intercept location over the south island of New Zealand (Fig. 2). 
 
Once on the Pluto leg, and after a small diversion to correct the intercept timing, all three 
instruments were set for continuous GPS timed observations of the event.  For timing 
calibration, secondary chopping was done before the occultation between 16:39:00 and 
16:41:00 UT and after the event between 17:05:00 and 17:07:00 UT.  This provided 
known simultaneous events in all SOFIA cameras to confirm individual timing systems' 
simultaneity. 
 
 
 
Fig. 2.  Path of SOFIA during the stellar occultation flight.  Following departure from Christchurch, SOFIA 
flew to the southwest before returning to New Zealand along the mostly smooth curve.  The "wiggle" in the 
flight path just below the label "Victoria Passage" was inserted in order to ensure that SOFIA arrived at the 
center of the occultation path (indicated by the black dot) at the predicted midtime of the event. 
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4.1.1 HIPO 
The HIPO cameras—red and blue—both use E2V back-illuminated deep-depletion frame 
transfer CCDs with millisecond level deadtime between images.  The cameras were 
binned 4x4, giving an effective pixel size of 1.3 arcseconds/pixel. The images were 
triggered off integrated GPS units every 0.2 seconds.  The HIPO red channel occultation 
run started at 16:38:00 UT, and the HIPO blue channel imaging run started at 16:38:10 
UT.  Each ran for 30 minutes.  The HIPO red and blue data were both reduced using a 7-
pixel radius circular aperture.  Sky background estimates were taken from nearby blank 
sky apertures.  Two comparison stars in the field were measured in the same manner and 
used to correct for variability. 
4.1.2 FPI+ 
The FPI+ (Pfueller et al. 2018) uses an Andor iXon EM+ DU-888-#BV camera that has a 
single back-illuminated, electron-multiplying EM-CCD and was used unfiltered.  The 
images were binned 2x2 for an effective plate scale of 1.0 arcseconds/pixel. The 
occultation run was started at 16:26:45.6 UT.  The integration time was 0.2 seconds and 
the cycle time was 0.227 seconds.  FPI+ images were triggered internally and then time-
tagged from the GPS.  Images were taken for 42m:21s.  The data were reduced using an 8 
pixel radius circular aperture with sky background measurements taken from a nearby 
blank sky region, and as with the HIPO images, two comparison stars were measured as 
well. 
4.1.3 FLITECAM 
FLITECAM is a near-infrared imager and grism spectrograph covering the 1 to 5 micron 
range (McLean et al. 2006, Logsdon et al. 2014). FLITECAM's 1024x1024 InSb 
ALADDIN III array covers an 8 arcmin diameter field of view with a plate scale of 0.475 
arcsec per pixel. Images were obtained using the FLITECAM H-wide filter, which is 
centered near 1.8 microns (1.55 to 2.15 microns).  This filter is intended for use as an 
order-sorting filter in FLITECAM’s grism spectroscopy mode; however, it was employed 
for these observations in order to maximize the signal from the source while minimizing 
the background and simultaneously extending the observations to the longest 
wavelengths possible. FLITECAM was co-mounted with the HIPO instrument during 
these observations. The integration time on chip was 1.25 seconds and the dead time was 
0.55 seconds per frame, for an effective cycle time of 1.8 seconds.  The start times and 
cycle times were calibrated before the observations relative to HIPO data and the GPS.  
The data were reduced with an 8-pixel radius circular aperture.  Sky background was 
estimated from surrounding blank sky. Comparison stars were also measured.   
4.2 Mt. John Observatory:  1-m, OC 0.61-m, and B&C 0.61-m 
Details of data collection from the Mt. John Observatory (MJO) 1-m McLellan Telescope 
(unfiltered visible), the 0.61-m Optical Craftsmen (OC) Telescope (near-IR: 1.25µ), and 
the 0.61-m Boller & Chivens (B&C) Telescope (at g', r', and i') are given in Pasachoff et 
al. (2017).  We present the observing parameters from these telescopes in Table 3.  We 
also present the light curves from these telescopes in Fig. 3. 
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Table 3: Observing circumstances for all stations 
Observa
tory 
Telesc
ope 
f/# Latitu
de ˚ ' " 
E. 
Longitu
de ˚ ' " 
Altit
ude 
(km) 
Instrum
ent 
Filt
er 
Cy
cle 
tim
e 
(se
c) 
Time 
source 
Observ
er(s) 
Data 
obtain
ed? 
SOFIA 2.5-m f/1
9.6 
varies 
(see 
text) 
varies 
(see 
text) 
11.8
8 
HIPO non
e  
0.2 GPS 
trigge
r 
Person, 
Dunha
m, 
Bida, 
Collins 
Y 
      FPI+ ope
n 
0.2
27 
GPS 
time-
tag 
Wolf, 
Pfueller
, 
Weide
mann 
Y 
      FLITE
CAM 
H-
wid
e 
1.8 GPS 
time-
tag 
Logsdo
n, 
Hamilto
n, 
Becklin
, 
Savage, 
Johnson 
Y 
Mt. 
John 
McLel
lan 1-
m 
f/7.
7 
43 
59.2 
170 
27.9 
1.02
9 
POETS non
e 
0.1 GPS 
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4.3 Auckland Observatory (Stardome Observatory): 0.5-m and 0.4-m 
Observations were taken on two telescopes at the Auckland Observatory, in Auckland, 
New Zealand: the 0.5-m Edith Winstone Blackwell Telescope and the 0.4-m Meade ACF 
telescope. The 0.5-m is a Zeiss on an offset German Equatorial mount with f/13.3 at 
Cassegrain focus.  A Portable Occultation Eclipse and Transit System - POETS (Souza et 
al. 2006) instrument was mounted on the 0.5-m and had a plate scale of 0.5 
arcseconds/pixel.  POETS was GPS-triggered, with a cycle time of 0.4 sec (0.0017 
second deadtime), in full-frame, 1 MHz readout with the conventional CCD 
amplifier.  These settings returned 5.51 electron/pixel read noise, 1.43 electron/ADU 
gain, and negligible dark current at -60 C.   
 
The 0.4-m telescope is an f/10 at Cassegrain focus, on which a Portable Instrument for 
Capturing Occultations - PICO (Lockhart et al. 2010) instrument was mounted. The plate 
scale was 1.1 arcseconds/pixel and the GPS-triggered cycle time was 2 sec (0.76 seconds 
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deadtime). The PICO data had 13.9 electron/pixel read noise, 1.83 electron/ADU gain, 
and ~0.3 electrons/pixel/sec of dark current at -40 C. 
 
Data were acquired on both telescopes two nights prior to, as well as a few hours before, 
the occultation when Pluto and the star were well separated.  One-hour occultation data 
cubes were taken starting at 16:25:00 UT. Weather conditions were highly variable, with 
interspersed cloud and light rain.  The field became visible with seeing ~2.5 arcseconds 
approximately one minute before immersion and was clouded over before emersion, 
resulting in partial light curves from both telescopes. 
4.4 Other sites 
Observations were planned and prepared for at several other sites, including in Tasmania, 
coastal Victoria near Melbourne, and McMurdo Station in Antarctica.  Unfortunately, 
these observations were not successful due to a variety of reasons including weather, 
equipment problems, and illness. 
4.5 Light curve normalization 
 
All data sets were calibrated in a standard fashion, using biases, flats (when available), 
and on-chip reference stars.  Because the fields of view for the instruments are different 
(Table 2), the choice of on-chip reference stars varied.  The light curves were normalized 
by the ratio of the occultation star to the combined Pluto plus Charon signal, measured on 
the night of the occultation roughly four hours prior to the event when they were 
sufficiently separated.  The Pluto-to-star ratio is critical for the calibration of the residual 
flux at the bottom of each light curve.  The fully normalized light curves are shown in 
Fig. 3; they are plotted against time from the midpoint of each observation.  Because the 
observing stations are distributed in longitude on the Earth, the midtime of each chord 
differs by a few seconds. 
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5 Analysis 
 
  
The set of light curves from SOFIA were all acquired through the same beam, using 
beamsplitters and dichroics.  Each light curve was acquired individually so that 
integration parameters are different for each.  A key characteristic of the set of SOFIA 
light curves (Fig. 3) is the prominent central flash visible in all (Person et al., in 
preparation).  Positive spikes in the light curve are visible on both ingress and egress as 
well; these have been associated with small changes in local temperature (Pasachoff et 
al., 2017).  Both ingress and egress show a three-part slope reminiscent of light curves 
from 2011 and 1988.  After occultation onset at full flux, the slope becomes shallower at 
~40% flux, followed by a steeper drop at 15% flux.  This lower region is partially 
disguised by the spikes in the light curve and therefore is more difficult to see. 
 
The MJO and Auckland light curves show similar characteristics to the SOFIA data, with 
some differences.  MJO was further from the shadow center, therefore the central flash 
height is lower but still visible.  Auckland was even further from the shadow center and 
so no central flash is expected from this station.  From this site, data could not be 
collected during the entire event, as thick clouds obscured egress.  Data collected stopped 
just after the event midtime and no central flash was seen, consistent with the geometric 
solution. 
 
<Insert sideways Table 3 here> 
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Fig. 3. Light curves from the occultation of P20150629 by Pluto.  The left panel shows light curves 
obtained aboard SOFIA while the right panel shows light curves obtained from ground-based sites, ordered 
by observed Pluto impact parameter, with more northerly curves at the top and centerline curves at the 
bottom.  The effective central wavelength for each observation is:  0.57 micron for HIPO Blue, 0.81 micron 
for HIPO Red, 0.65 micron for FPI+, 1.8 micron for FLITECAM, 0.60 micron for the Auckland 0.5-m and 
the Mt. John 1-m observations, 0.65 micron for the Auckland 0.4-m, 1.25 micron for the Mt. John OC61, 
and (0.4770, 0.6231, and 0.7625) micron for the Mt. John B&C. 
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Fig. 4.  Geometric solution for Pluto shadow path on Earth. 
 
We begin analysis by calculating the solution for the geometry of the occultation using a 
subset of light curves; HIPO, FPI+, FLITECAM, MJO-1m, and Auckland-0.5m.  While 
the position difference between the most northerly station (Auckland) and the most 
southerly station (SOFIA) is only 524 km at midtime, this is sufficient to solve for the 
event geometry.  In addition, the two chords through the central flash act to further 
constrain the geometry.  The model used is that of Elliot & Young (1992) and allows for 
a constant thermal gradient throughout the atmosphere as well as a haze layer with 
defined turn-on radius and scale height.  We present these results in Table 4, both for 
clear- and hazy-atmosphere assumption, along with comparison results from 2011 and 
2013.  The center line offsets for each model are listed in Table 5.  The projection of the 
shadow on the Earth is shown in Fig. 4, and the occultation trajectory across Pluto is 
shown in Fig. 5. 
 
Table 4.  Pluto atmosphere model fits 
 PC20110623 P20130504 P20150629 P20150629 
 temperature 
gradient above 
half light 
temperature 
gradient above 
half light 
temperature 
gradient above 
half light 
(current work) 
haze model 
(current work) 
χ2 per degree of 
freedom 
1.11 1.22 1.11 1.07 
Shadow radius 
(km) 
1156 ± 17 1188.7 ± 7.7 1213.83 ± 1.10 1229.2 ± 0.6 
HP (km) 61.2 ± 1.0 54.4 ± 0.5 52.8 ± 0.7 57.3 ± 0.7 
Ph (μbar) 2.39 ± 0.12 1.66 ± 0.03 1.37 ± 0.03 1.52 ± 0.04 
Th (K) 110.7 ± 1.7 94.6 ± 1.0 92.4 ± 1.2 100.1 ± 1.3 
dT/dr (K/km) –0.24 ± 0.03 –0.24 ± 0.01 –0.16 ± 0.01 –0.08 ± 0.01 
rh (km) 1273.1 ± 4.0 1299.2 ± 3.8 1295.0 ± 0.5 1296.1 ± 0.5 
h  14.0 ± 0.9 15.6 ± 0.3 18.8 ± 0.2 20.0 ± 0.1 
b –2.7 ± 0.4 –3.3 ± 0.2 –2.3 ± 0.2 –1.1 ±0.1 
f0 (km)  –2601.5 ± 1.5 954.3 ± 3.7 952.7 ± 0.4 
g0 (km)  2856 ± 14 1.7 ± 21.8 11.5 ± 0.9 
Atmospheric model parameters HP (half-light pressure scale height), Ph (half-light pressure), Th (half-light 
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temperature), dT/dr (temperature gradient), rh (half-light radius), h  (thermal energy ratio) and b (thermal 
gradient exponent) are fully defined in Elliot, Person and Qu, 2003.  
 
Table 5.  P20150629 impact parameters 
 Close Approach 
Distance (km) 
SOFIA 22.8 S of center 
Mt. John 53.1 N of center 
Auckland 491.2 N of center 
Uncertainty 0.9 
 
 
 
Fig. 5.  Approximate path of star as seen on Pluto from the Earth.  The SOFIA and Mt. John occultation 
chords were central, with ingress occurring near the pole and egress occurring near the equator.  The outer 
dashed line represents the half-light level in the atmosphere, or approximately 1300 km from the center of 
Pluto.  The solid chords across Pluto show the observed apparent paths of the star relative to Pluto as from 
SOFIA, Mt. John, and Auckland observing sites.  However, as seen from any of these sites, as the star 
enters the atmosphere it dims and appears to travel along the limb of Pluto.  The Auckland chord is solid 
for only half of its length because the event egress was clouded out as seen from this site; the cloudy 
portion is dashed.  The spot in the center indicates the location of the central flash, although the extent is 
exaggerated in order to make the zone visible at this scale. 
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6 Atmosphere Results 
 
6.1 Models 
One representative light curve from SOFIA is shown in Fig. 6.  The data points are 
plotted as open circles.  The two models of Table 4 are over-plotted:  (i) the model with a 
clear atmosphere with thermal gradient including data only down to half light is plotted 
as a heavy dashed line while (ii) a hazy atmosphere with thermal gradient is plotted as a 
solid line.  Both models fit equally well above flux levels of ~30%, a feature noted by 
Bosh et al. (2015).  The upper light curve levels are insensitive to the lower light curve 
features.  Below ~30% flux, the data deviate strongly from a simple, constant thermal 
gradient model.  This is particularly evident in the very strong central flash predicted by 
the clear atmosphere model but not seen in the data.   
 
In contrast, the haze model with a simple thermal gradient fits well to the entire data set.  
(Although this could be corrected without invoking haze by instead invoking a stronger 
thermal gradient below the occultation sampling regions as in Sicardy et al. 2016.) The 
general character of the "knee" at 30% is reproduced, as is the depressed central flash.  
The central flash region is sensitive to the near-surface atmosphere (~50km altitude), as 
well as to atmospheric oblateness.  Further analysis of the central flash region will be 
presented in Person et al. (2019, in prep). 
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Fig. 6.  HIPO-blue data, comparison of haze model and clear-atmosphere model.  This full-resolution data 
plot is representative of the model plots for all datasets.  The solid heavy line is the haze model, while the 
dashed line represents the single-gradient clear atmosphere model.  Both models include a thermal gradient.  
The haze model includes all data in the fit, while the clear atmosphere model includes data only between 
flux levels of 0.5 and 1.0.  A clear atmosphere model fit was attempted using all data, but the parameters 
quickly became non-physical.  Note that the addition of haze in the atmosphere reproduces both the 
increased slope near the bottom of the curve as well as the height of the depressed central flash level. 
 
6.2 Inversion 
While the modeling presented above predicts a light curve from a simple atmospheric 
model, it is likely that Pluto's atmosphere sports a more complex structure than our model 
currently incorporates.  A stratopause, or temperature maximum, is seen in other 
atmospheres such as Titan's (Sicardy et al. 2006).  At the stratopause, the temperature 
structure transitions from a positive to a negative temperature gradient; our models 
currently allow only a single temperature gradient.  To further investigate the 
atmospheric structure, we can invert the observed light curve, by assuming that the 
change in stellar flux is due entirely to a change in refractive properties of the 
atmosphere, which in turn is due to changing temperatures (Elliot et al. 2003b).  In this 
way, we can retrieve the arbitrary temperature profile that is consistent with the observed 
light curves. 
 
In Figure 7, we present the inversion of the HIPO-red light curve, both ingress and egress 
portions.  We note that the ingress and egress are indistinguishable given the formal 
errors, indicating similar atmospheric structures at the ingress and egress points.  Further, 
this inversion invalidates our previous atmospheric model:  Pluto's atmosphere does not 
0
0.2
0.4
0.6
0.8
1
1.2
60 100 140 180 220 260 300
N
o
rm
a
liz
e
d
 f
lu
x
Seconds after UT16:50:00
Journal Pre-proof
Jo
urn
al 
Pr
e-p
roo
f
Person et al. 2019  Haze in Pluto's Atmosphere 
Draft v11.0.1 20 
exhibit a simple, constant temperature gradient.  Instead, it displays a stratopause:  a 
maximum of temperature at a radius of approximately 1200 km with a strong positive 
thermal gradient below, perhaps continuing down to the surface unless there is a 
troposphere (Stansberry et al. 1994) Above the temperature maximum is a weaker 
negative thermal gradient, approaching a temperature of 100 K at 1280 km where the 
inversion ends.  A similar temperature structure has been found by others (Dias-Oliveira 
et al. 2015).  The size of this final gradient, approximately 6 K/km, is consistent with the 
value of 6.4 ± 0.9 K/km found during the New Horizons radio occultation immersion data 
(Gladstone et al. 2016).  
 
A startling consequence of this inversion is that the atmosphere appears to continue down 
to 1180 km (from the center of Pluto) before the inversion ends.  Because Pluto's surface 
radius has been uncertain—no Earth-based occultation observation has ever reached 
Pluto's surface because refraction bends the light before then—all radii in the atmosphere 
traditionally have been quoted from the center of Pluto.  Now, New Horizons imaging 
indicate that Pluto's surface radius is approximately 1187 km (Stern et al. 2015).  Thus an 
atmosphere reading at 1180 km is non-physical; furthermore, the temperature at this 
radius is 100 K; if we use the derived lapse rate at 1180 km to extrapolate the temperature 
down to the expected surface temperature of 40 K, we find that this inversion predicts a 
surface radius of 1130 km. 
 
The solution to this discrepancy lies in the fact that the occultation-light-curve inversion 
process assumes a clear atmosphere.  All diminution of signal is interpreted as being due 
to refraction by the atmosphere.  If instead the atmosphere contains a sufficient amount of 
haze this would mean that some of the signal loss is due to absorption/scattering rather 
than refraction.  The result is that the entire temperature profile would move higher in the 
atmosphere.  Thus, the combination of the inversion plus the New Horizons surface 
radius, given our multiwavelength observations, strongly implies that haze exists in 
Pluto's atmosphere, and particularly in the region probed by the occultation. 
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Fig. 7.  Inversion of HIPO-red ingress and egress curves under the assumption of a clear atmosphere.  The 
linear slope in the lower atmosphere is extended to the range of temperatures of the surface (40-50 K); the 
inversion thus predicts a surface radius of 1150 to 1160 km, in conflict with the New Horizons surface 
radius measurement of 1187 ± 4 km (Stern et al. 2015).  Because this inversion extends below the surface 
radius value measured by New Horizons, this fact implies the presence of an absorber in Pluto's 
atmosphere, such as haze. 
7 Discussion 
 
For the optical and near-infrared data presented, a pure isothermal atmosphere model 
does not fit the data, nor does a continuous temperature gradient.  Other possibilities 
include a hazy region in the atmosphere and/or a combination of thermal gradient(s) and 
isothermal layers.  We show by the models presented in Table 4 and Fig. 6 that a thick, 
hazy region within the atmosphere produces an excellent fit to the data throughout the 
entire dataset, including around the central flash (which is sensitive to lower altitudes of 
the atmosphere).  However, this does not rule out the possibility of a multi-region thermal 
gradient solution including a stratopause, as suggested by our inversion of the data.  A 
clear atmosphere solution with appropriately placed thermal gradients, such as that 
postulated by Sicardy et al. (2016), is a viable fit to any individual light curve as well.  
 
One way to discriminate between these various possibilities is to investigate the 
dependence of the light-curve parameters on wavelength (see Elliot et al. 2003 for 
previous work along these lines).  We show in Fig. 8 the similarities and differences 
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among the HIPO-blue, HIPO-red, FPI+, and FLITECAM data, all taken simultaneously 
from SOFIA.  The minimum flux is the flux level at the bottom of the light curve.  This 
flux level has never reached 0 for any Pluto occultation yet observed, meaning that a 
small amount of residual starlight is always visible, even at the deepest portions of the 
occultations.  This holds for the occultations in which central flash structures are seen as 
well.  The most immediate implication of this is that no Pluto occultation has yet 
extended down far enough in the atmosphere to reach the surface; this is a result of the 
refractive properties of the atmospheres, not of the event geometry.  In fact, this residual 
flux is expected for all observations except for those at very long wavelengths such as the 
REX occultation measurements at radio wavelengths, observed aboard the New Horizons 
spacecraft (Hinson et al. 2015); such radio-occultation measurements are not possible 
from Earth. 
 
 
 
Fig. 8. Light curve lower baseline at multiple wavelengths, each taken contemporaneously from SOFIA.  
The minimum flux at the bottom of the light curves reaches different levels for the different observational 
wavelengths.  The effective central wavelength for each observation is:  0.57 microns for HIPO-blue (in 
blue), 0.65 microns for FPI+ (in green), 0.81 microns for HIPO-red (in red), and 1.8 microns for 
FLITECAM (in black). 
 
The minimum flux value is critically dependent on the calibration of the ratio of fluxes 
from Pluto and the occulted star.  Pluto is in a crowded field in the Milky Way (Fig. 9); 
when combined with the ~5 arcsec seeing aboard SOFIA, separated photometry is a 
difficult task.  The SOFIA data are critical for this comparison; observations were 
collected simultaneously with three instruments, at four wavelengths.  Given the SOFIA 
flight altitude of ~40,000 ft, the influence of atmospheric extinction was greatly reduced 
as well.  Two data sets were obtained aboard SOFIA that can be used for these purposes:  
one during the test flight the night before, and one during the photometry leg of the 
occultation flight, approximately 5 hours before the occultation event.  Each set of data 
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has its own challenges.  The test flight data (previous night) represent a different Pluto 
phase, by 1/6 of its period.  However, Pluto's pole position is such that this represents a 
small change of viewing area.  The data set from the photometry leg (same night) has 
near-blended-image issues as Pluto and the occultation star are in close proximity, along 
with other background stars.  After several trials, for SOFIA we chose to use data from 
the photometry leg (same night) with multiple-source PSF fitting to disentangle the 
contributions from Pluto+Charon and the occultation star.  In these data, there is a 
background star that must be accounted for (visible as the fainter star on the right just 
outside the blue circle in Fig. 9); data from the previous night is used for this.  The 
advantage of using the same-night data is important because flat-field frames were not 
able to be taken for any of the three instruments.  A small amount of edge vignetting is 
visible in all datasets.  By using same-night data, Pluto and the occultation star are close 
within the frame, and therefore flat-field correction is not necessary. 
 
 
Fig. 9.  A portion of a pre-event Pluto frame from SARA-CT, approximately 100 arcsec across, showing 
the crowded field near Pluto.  The occultation star is circled in red; Pluto is circled in blue.  This frame was 
taken approximately 7.5 hours before the occultation.  The occultation was not visible from South America; 
this image was taken before teams in New Zealand and on SOFIA began observations for the event. 
 
 
The residual stellar flux at the bottom of the light curve (Fig. 8), the minimum flux, is 
present because star light is strongly refracted by Pluto's atmosphere and thus stellar 
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signal is present, in small amounts, at mid-event.  These stellar rays travel through the 
longest atmospheric path length and therefore are most susceptible to extinction by any 
atmospheric hazes, processes that will have a strong dependence on wavelength.  This 
occultation event was designed such that the observations were obtained at multiple 
wavelengths, with central wavelengths from 0.57 to 1.8 microns.  In particular, the 
HIPO/FLITECAM instrument combination aboard SOFIA, nicknamed FLIPO when used 
together, observes from the same beam from the telescope.  While the observational 
parameters are different for each camera, these observations are contemporaneous and are 
observing the identical portion of Pluto's atmosphere.  Note that while the central flash 
peak in Fig. 8 appears higher for HIPO-red, FPI+, and HIPO-blue than it does for 
FLITECAM, this is an artifact of the various observing parameters for the different 
instruments.  Only FLITECAM has a deadtime between images (of 0.55 sec); 
FLITECAM's exposure time was 1.25 sec vs. 0.2 sec for HIPO-blue and HIPO-red.  As a 
test, we simulated FLITECAM observing parameters by binning and skipping points (for 
the deadtime) from the HIPO-blue data stream; the HIPO-blue central flash peak then 
became equal to or lesser than the FLITECAM peak, depending on the phasing of the 
data chosen.  Thus all data consistently maintain the wavelength ordering seen in Fig. 8:  
FLITECAM has the highest residual flux through the light curve bottom and central flash 
while HIPO-blue has the lowest residual flux in this same region.   
 
 
 
Fig. 10. Wavelength dependence of minimum flux value.  If haze exists in the atmosphere (with small, sub-
micron particles), we expect the minimum flux to be lowest for bluer wavelengths in this range.  This trend 
is reflected by the minimum flux of the 2015 data.  A similar trend was seen in the 2002 Pluto occultation 
(Elliot et al. 2003a); the 2002 data points are included in this plot in green for comparison. 
 
If there were no hazes present in Pluto's atmosphere, we would expect little dependence 
of minimum flux on observational wavelength (Fig 10).  Instead, the data in Fig. 10 show 
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a clear positive correlation between minimum flux and wavelength. While the overall 
light curve form could be reproduced by a clear atmospheric model in any single 
wavelength (see e.g., Sicardy et al. 2016), this flux dependence on wavelength can 
differentiate the two cases, and was one of the primary drivers for using the multi-
chromatic capabilities of the SOFIA instruments. Indeed, this observation was one of the 
principal reasons the HIPO and FLITECAM teams worked so hard for so long to make 
the FLIPO configuration a reality 
 
We model a haze that could cause the observed variation of flux with wavelength 
following Gulbis et al. (2015), which used rigorous Mie scattering theory and assumed 
dark, organic tholins.  Tholins are selected because they have been detected on Pluto’s 
surface (e.g., Grundy and Buie 2002; Olkin et al. 2007) and were used in the flux versus 
wavelength analysis for Pluto occultation data in 2002 (Elliot et al. 2003a). We consider 
the simple case, for spherical particles where the relative transmission of flux is 
determined by the combination of extinction along the line of sight and the atmospheric 
refraction: Tatm * exp(-).  We set Tatm =0.05, based on arguments in Elliot et al. (2003a) 
and Rannou and Durry (2009). Note that Tatm is half the value used in the analyses of the 
2002 data, which is consistent with the 2015 minimum flux values being approximately 
half those observed in 2002 at similar wavelengths (Fig 10). The optical depth is given by 
 
𝜏 = [
𝑛(𝑎0)𝜋𝑎0
2𝑄𝑒𝑥𝑡,                         for single particle sizes
∫ 𝑛(𝑎0) (
𝑎0
𝑎
)
𝑞
𝜋𝑎2𝑄𝑒𝑥𝑡𝑑𝑎
𝑎𝑚𝑎𝑥
𝑎𝑚𝑖𝑛
,    for a power law size distribution
     ,              (1) 
                              
where a0 is a reference particle radius, and amax and amin  are the maximum and minimum 
particles sizes in a distribution.  The column density is given by n(a0); this value is for the 
line-of-sight column and thus represents the value along a curved path for the minimum 
flux at the bottom of the light curve. The variable q represents the number density power, 
and the efficiency factor for extinction, Qext, is defined to be the sum of the efficiency 
factors for scattering and absorption (van de Hulst 1981). This power law form is a 
reasonable assumption given that it matches the size distribution for small atmospheric 
aerosols, impact ejecta, ring particles, and icy geysers on Enceladus (e.g. Welander 1959; 
Cours et al. 2011; Hartmann 1969; Shuvalov and Dypvik 2013; Marouf et al. 1983; 
Kempf et al. 2008; Schmidt et al. 2008).  The extinction coefficient is highly dependent 
on the real and imaginary indices of refraction of the material.  We begin by assuming the 
indices of refraction for tholins from Khare et al. (1984), interpolating between their 
listed data points. 
 
Figure 11 shows the occultation flux data along with examples of modeled transmission 
for small, moderate, and large tholin haze particles.  Submicron-sized particles return a 
positive correlation between flux and wavelength over the observed range, while 
multiple-micron-sized particles return a relatively flat line. The flux-versus-wavelength 
trends in the data are most like the 0.1 micron, single-particle size example.  Assuming a 
reference particle radius halfway between minimum and maximum, the size-distribution 
model can be fit to the flux-versus-wavelength data with four parameters: amax, amin, q, 
and n(a0). The best-fit, least squares model is shown in Fig. 11 and has parameters listed 
in Table 6.  The model is highly dependent on particle sizes and number densities, yet 
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depends only weakly on the power law of the particle size distribution. 
 
The Khare et al. (1984) tholins were made from 0.9 N2 and 0.1 CH4, at a pressure of 0.2 
mbar.  Other laboratory measurements have been made for tholins having different 
compositions (e.g. 0.98 N2 and 0.02 CH4, 0.999 N2 and 0.001 CH4), at difference 
pressures (from 0.26 to 920 mbar), and using different measurement techniques 
(compilation in West et al. 2014).  Tholin measurements have typically been produced in 
consideration of haze in Titan’s atmosphere. While Pluto’s atmosphere is thought to have 
a similar composition and scale height, the surface pressure (approximately 10 µbar) is a 
factor of ~10
5
 lower and the solar flux is roughly 10% that of Titan and the charged 
particle environment is different in the Kuiper Belt than in the Saturn system (as 
discussed in Stansberry et al. 1989; Rannou and Durry 2009). Therefore, tholin properties 
are not well constrained for Pluto’s atmosphere and more accurate models could be 
developed in the future. 
 
 
Figure 11.  Minimum flux versus observed wavelength at the bottom of the lightcurve and examples of 
modeled transmission for a haze consisting of range of small particles (0.1–1 microns; dot-dash), small, 
single-sized particles (0.1 microns; dotted), moderate particles (1.0 microns; dashed), and a range of larger 
particles (2–5 microns; thin solid). The power law exponent q is 3.2, which is in line with that expected 
from fragmentation processes (e.g. Hartmann 1969).  The best model fit to the data (0.06–0.1 microns; bold 
solid) is included, with parameters given in Table 6. 
 
Table 6:  Minimum flux best fit parameters for a particle size distribution 
Quantity Description Value 
𝑎𝑚𝑖𝑛 Lower detectable limit on 
particle size distribution 
0.060 ± 0.049 μm 
𝑎𝑚𝑎𝑥 Upper detectable limit on 
particle size distribution 
0.100 ± 0.001 μm 
𝑎0 Reference particle size 0.08 μm 
𝑛(𝑎0) Line-of-sight column density (1.687 ± 0.025) × 10
11 
cm
-2
 
q Power law exponent 3.2 ± 5.4 
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m Complex index of refraction for 
tholins (Khare et al. 1984) 
0.57 μm 1.72 + 0.022i 
0.65 μm 1.68 + 0.016i 
0.81 μm 1.67 + 0.004i 
1.8  μm 1.64 + 0.0004i 
 
 
 
Figure 12.  Line-of-sight optical depth as a function of observed wavelength, inferred from minimum flux 
measurements of the 29 June 2015 stellar occultation by Pluto.  This plot was generated from Eq. (1), for 
the best-fit result parameters listed in Table 6.  The optical depths increase sharply toward the blue end of 
the spectrum, indicative of prevalently small particle sizes.  Passbands of the various camera filters are 
available in Figure 10 for comparison. 
 
The variation of the minimum flux in Fig. 10, from 2% to 4% of the full star value, 
exhibits a dependence with wavelength.  A Mie scattering model for spherical tholins 
demonstrates that this dependence can be caused by particles less than approximately 0.1 
microns in radius.  The corresponding optical depth for the best-fit model is shown in 
Fig. 12.  A similar wavelength dependence was seen by Elliot et al. (2003a) using visible 
and near-IR occultation data from the UH 2.2m, IRTF, and CFHT (Fig. 10).  They found 
that particles twice the size (~0.2 micron) of those found here had the appropriate 
wavelength dependence to match the 2002 Pluto occultation data.  These results are thus 
consistent with previous findings and suggest that haze parameters can change over time. 
 
We can compare our finding of haze particles in the 0.06 – 0.1-micron size range to 
evidence from New Horizons.  Two primary pieces of evidence are available:  the high 
phase angle image of Pluto surrounded by layered haze, taken at several wavelengths, 
and the absence of haze in low-phase angle images of Pluto.  The New Horizons 
spacecraft captured a forward-scattering image of hazes in Pluto's atmosphere (Stern et 
al. 2015; Gladstone et al. 2015) at a phase angle of 167˚.  The spacecraft looked back at 
Journal Pre-proof
Jo
urn
al 
Pr
e-p
roo
f
Person et al. 2019  Haze in Pluto's Atmosphere 
Draft v11.0.1 28 
Pluto while the Sun was occulted; the entire perimeter of Pluto glowed a bright blue with 
haze structure visible around the limb.  These observations were made with the 
panchromatic LORRI imager (Cheng et al. 2008) at 0.35 to 0.85 microns and with LEISA 
(Reuter et al. 2008).  The LEISA data combined images taken at three wavelengths 
between 1.25 and 2.5 microns to produce a false-color image of the haze in the near 
infrared.  Although exact values are not available at this time, this LEISA image shows a 
lower intensity for the haze than was visible in the LORRI image.  The evidence from 
New Horizons is that the haze is brightest in their shortest wavelength images (0.35-0.85 
microns), less bright at 1.25 microns, and even less bright at 2.5 microns.  This 
dependence with wavelength is consistent with haze particles of order (or slightly smaller 
than) their shortest wavelength of observation, given the strongly forward-scattering 
nature of particles when observed at wavelengths similar to the particle sizes.  The lack of 
haze detection at low phase angles (Cheng et al. 2015) is also consistent with ~0.1-
micron particles, as the back-scattered intensity for these particles would be small.  We 
take this as confirming evidence that the haze detected by New Horizons was also 
detected in our occultation data at lower altitudes. 
 
The normal optical depth that was inferred from analysis of the New Horizons LORRI 
image of the haze was 0.004.  In order to compare this to our analysis for particle optical 
depths (Fig. 12), we must first take into account the path length of the observation.  For 
the stellar occultation, the residual stellar brightness at the bottom of the light curve 
results from star light that has been refracted through Pluto's atmosphere and around its 
limb, with light curves from SOFIA and Mt. John (Pasachoff et al. 2017) capturing the 
central flash.  The stellar signal traverses approximately 25% of Pluto's circumference 
before being detected in the occultation signature.  Correcting for this stark difference in 
path length, the observed 𝜏n corresponds to an increase in the line-of-sight 𝜏 by a 
factor of 30–60, rather than the more usual value of ~12 taken as √2𝜋 (𝑟/𝐻) for the 
half-light altitude, making the 𝜏n =0.004 observed with New Horizons consistent 
with our observations of the haze.  A different approach to calculating the line-of-
sight optical depth for transiting exoplanets is given by Robinson et al. (2014) and 
Fortney (2005) with the result that the line-of-sight optical depth is enhanced over the 
normal optical depth by a factor of 35 to 90. 
8 Conclusions 
 
Observations of a stellar occultation by Pluto on 29 June 2015 show that the atmospheric 
pressure at half-light is consistent with that measured in 2013 (Bosh et al. 2015a) and 
2011 (Person et al. 2013).  Assuming the lower atmosphere temperature profile derived 
by New Horizons (Hinson et al. 2017) results in a derived surface pressure of 12.4 +/- 2.7 
µbar (compare to Hinson et al. 2017 – 11.5 ± 0.7 µbar, and Sicardy et al. 2016 – 11.9–
13.7 μbar).  These various results (Linscott et al. 2015; Gladstone et al. 2015) (Hinson et 
al. 2017) indicate a general agreement among ground-based and New Horizons data and 
interpretations of atmospheric structure.  As the 29 June 2015 event occurred just two 
weeks prior to the New Horizons encounter with Pluto, this event is an important 
connection between decades of Earth-based observations and high-resolution, in situ 
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measurements of Pluto's atmospheric and surface parameters. 
 
The 29 June 2015 occultation was observed at several wavelengths simultaneously; the 
high SNR data obtained from instruments aboard SOFIA allowed us to investigate the 
wavelength dependence of the occultation light curves.  Small differences in residual flux 
at the light curve minimum are evidence of small-particulate haze in Pluto's atmosphere.  
Based on the wavelength dependence of the minimum flux of occultation light curves, 
haze in Pluto's atmosphere was proposed by Elliot et al. (2003a) and Gulbis (2015).  Due 
to the geometry of a stellar occultation, the path lengths through the atmosphere are long; 
this enhances the observed line-of-sight optical depth (Fig. 12).  The magnitude of the 
minimum flux dependence on wavelength is very small; only those occultations with the 
highest SNR are able to see this effect.  Additionally, analysis requires precise calibration 
of the relative photometry of Pluto/Charon and the occultation star, a task made more 
difficult by the crowded fields that Pluto currently traverses. 
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